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NOTICE

When Gevernment drawings, specifications, or other data are used for
any purpose other than in connection with a definitely related Government
procurement operation, the United States Government thereby incurs no
responsibility nor any obligation whatsoever; and the fact that the
government may have formulated,furnished, or in any way supplied the said
drawings, specifications, or other data, is not to be regarded by impli~
cation or otherwise as in any manner licensing the holder or any other
person or corporation, or conveying any rights or permission to manufacture,
use, or sell any patented invention that way in any way be related thereto.
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FOREWORD

This report describes the results of cne of the Air Force Aero Propulsion
Laboratory programs directed towards the prevention of fire and explosions
within aircraft fuel systems. This specific in-house program was accomplished
under project 3048, task 304807, work unit 30480752 entitled, "Investigation
of Low Penalty Technology for Reduction of JP-8 Hazards.'" The program was
conducted during the period of 1 Dec 1972 through 15 Feb 1973 on the outdoor
gun range operated by AFFDL.

Sincere appreciation 1s extended to reprecentatives of Continental
0il Company, ESSO Research and Engineering Company and the British Defense
Ministry for providing the additives and assisting in the blending of the
fuel/additive mixtures.

This report has been reviewed and is approved for publication.

=

B. P. Bottleri
Chief, Fize Protection Branch
Fuels and Lubrication Division
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PR

PURPOSE:

A series of vertical gunfire tests was conducted to evaluate the
effectiveness of anti-mist fuel additives in reducing fire and explosions
in the ullage of the fuel tanks containing kerosine type (JP-8) fuel. The
ability of the anti-mist fuel additives either to eliminate any combustion
reaction, measured by fuel tank pressure rise, or to control the level of
reaction below a pressure rise of 10 psi could help point the direction of,
future Air Force efforts in the modified fuels area.

BACKGROUND:

The vulnerabil’ty aspects of military fuels have been the subject of
much discussion over the past eight years. The high percentage of aircraft
losses in South East Asia (SEA) attributed to "fire and explosions” stimu-
lated interest in the determ.nation of the vulnerability of the fuel and the
means whereby the fuel could be made safer. Two separate approaches were
considered: (1) the modification of the properties of the fuels and
(2) the use of a less vulnerable fuel. These approaches were in addition
to the various fuel tank protection techniques (flame arrestors, inerting,
etc.) which are available for the vulnerability reduction of fuel tanks.

The standard Ai- Force fuel is a wide cut hydrocarbon fuel, designation
JP-4, conforming to specification MIL-T-5624. The normal flammabilicy limits,
-20 to BO°F, as well as the nonequilibrium conditions in fuel tanks, lead
to a potentially high probability of a fuel fire and expiosion at any
point in a mission. Gunfire testing by the Air Force has verified the
extreme hazards with JP-4 when subjected to impact by 50 calibre armor
plercing incendiary (API) projectiles,

Attempts to modify the JP-4 by use of gelling or emulsifying met with
little success in the 1960's. Although the flow properties were altered
to reduce the fuel leakage and the vaporization rates were reduced by
the additives, gunfire testing revealed the same level of vulnerability as
the neat fuel. Based on these results, the Air Force suspended work on the
modified fuels in 19599 and concentrated efforts on the low volatility fuels
approach. This led to the development of JP-8 fuel conforming to require-
ments of MIL-T-83133. This kerosine, quite similar to commercial jet fuel,
has been determined to be less susceptible to fire and explosion induced by
gunfire with structural damage that was less than with JP-4. Many other
factors, however, must be considered in the determinaticn of the overall
desirability of JP-8. A report on this subject is planned for the near future.

Although the Air Force had no specific interest in the modified fucls,
efforts by other agencies such as the FAA and the Army have continued to
look at modified fuels as a technique to reduce the potential fire hazard
in a crash cituation. Here the emphasis is on containment of the fuel In
the tanks, thus preventing mixing of the fuel with ignition sources. In the
past few years efforts in this area have switched from the high viscosity
fluids to thin gels or emulsions. This change was made, in part, te over-
come some of the fuel handling problems, such as flow of the fuel from
the tanks to the engines.



The most recent approach to fuel modification consists of the anti-
mist additive. These additives, at a concentration of about one half
percent by weight in the fuel, do not appreciably alter the fuel properties.
However, under conditions encountered when a fuel tank ruptures on impact,
the fuel released exits as droplets in lieu of a fine mist or spray. By
reducing the atomization process, the probability of a fire is reduced.
Efforts in this area have identified several promising anti-mist additives
which, based on either laboratory or full-scale crash tests, significantly
reduce the fire hazard in a crash situation. Several commercial materials
have been identified. The British Government, through contractual activities
with Imperial Chemical Industries (ICI) have developed a material designated
FM-4. The U.S. Army, through its laboratory efforts has identified a
Conoce Chemical product designated AM-1 and the FAA has sponsored studies
which considered AM-1 and other additives. Testing by these agencies,
including full-scale aircraft crashes, has been encouraging but not com-
pletely successful in eliminating fires. Further, there is no relationship
of these results to fires induced by gunfire.

PROGRAM:

An Air Force Aero Propulsion Laboratory in-house gunfire test program
was established in order to evaluate the marits of these additives for Air
Force usage. Three producers and one sponsor, the British Government,
submitted samples of the anti-mist agents for consideration. These samples
were supplied at no cost to the government. In return the supplier was
provided test results and a copy of the photo coverage of the testing.

SAMPLE PREPARATION:

The additives weore supplied in a hydrocarbon solvent, having a flash
point in excess of 120°F. This concentrate, consisting of two to five
percent of active ingredients, was blended into a reat JP-8 fuel with a
flash point of 114°F. This specific batch of fuel had been utilized in
previous gunfire tests; therefore, a known baseline existed. Except for
FM~4, the actual blending was carried out under the direct supervision
of the manufacturer. Both the fuel and additive were stored indoors at a
temperature of 60 to 70°F. This precluded the potential problems associated
with the additives at the lower temperatures. The ambient temperatures were
in the range of 20 to 40°F. In general, the mixing procedure consisted of
weighing out a given quantity of JP-8 fuel into an open head 35 gallon drum
mounted on a scale. Within the drum was an air driven paddle-type mixer.
The speed of the paddle was controlled so that a gentle mixing action was
achieved. The concentrate was slowly added to the JP-8 until the desired
total weight was achieved. Once the desired percentage of additive, on
a weight basis, was obtained, the mixing operation continued until a uniform
blend was achieved. The point at which the additive was considered in
solution was the disappearance of the shear lines and "giobs" of the
additive. The mixing time was about 30 to 40 minutes. After blending,
the fuel was transferred to clean five-gallon containers. These containers
were maintained indoors until just prior to the testing. However, severe
ambiz2nt conditions less than 30°F, required external heat sources on the
gun range to maintain the desired temperatures. Hot air heat sources were
applied and,in some instances, bulk fuel temperatures approached 90°F. Fuel
was allowed to cool down to 60-70°F range prior to testing.
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With the above procedures, three of the four materials were blended
with no problems. However, the additive submittad by ESS0O Research and
Engineering appeared to present some problems. This material, an experimental
additive made on a pilot run, when added to JP-8 formed a slightly cloudy
mixture. Additional mixing time and modification of the blending procedure
did not change the solution. Further, a few very small "globs" were noted.
These results raised a serious nuestion as to whether the additive was in
solution. However, due to time =strictions, it was not possible to obtain
another sample or to further investigate the solubility problem. Therelore,
the blend was tested in this condition with a note on solubility.

TEST SETUP:

The testing was conducted at WPAFB on the horizontal gun range, operated
by AFFDL. Since this outdoor range is normally used only for horizontal
tests, 1t was necessary to design and construct a special rig which permitted
testing in a vertical mode. This rlg, as shown in Figure 1, consisted of
a test platform atvached to a uydraulic scissors type of lift. In order to
maintain flexibility, the entire setup was made portable so that it could be
towed to the range and Installed or removed in a one-day period. The test
article, along with power, instrumentation, photo coverage and the fire
control system was mounted on the test platform. This setup was remotely
controlled from the test console located in the instrument trailer. The
trailer was located just behind a revetment adjacent to the range. To
assist in evaluation of the data, as well as fire control, a closed-circuit
TV system was included in the test setup.

Once the vertical 1lift rig was in place, the test platform was raised
to the desired height. ‘A 50 calibre weapon with bolt action was located
just below and slightly in front of.the rig. Provisions were for a 60° pitch-
up between the weapon and the ground, thus giving a 30° obliquity for the
bottom surface of the test article. For fire control, three CO; nozzles
were positioned in the catch-basin area, just below the entrance and at
the exit area of the projectile. In order to minimize damage by the
projectile exiting to the tank, a backstop, consisting of 4 x4 oak timber,
backed by a one and one-half inech aluminum plate, was an integrated part of
the test setup. Added safety meacsures included the standby of the Base
Fire Department to extinguish the fire if the normal system was insufficlent.

The test article consisted of a one hundred gallon rectangular tank
18-inches high, 36 inches x 36 inches. Primary structure was one-inch steel
plates with provisions for entrance and exit plates. The entrance area
located on the bottom consisted of an 8-inch diameter flange with a steel
retainer ring. Exit area on the top was 28 inches in diameter, which also,
utilized a steel retainer ring. These areas contained the normal aircraft
type of aluminum (2024-T3) with the thickness of 0.090 inch at the entrance
and 0.180 inch at the exit. O-ring grooves in the flanges assured complete
sealing of the test article during the testing. The instrumentation within
the test article consisted of a pressure transducer and two thermocouples,
one ireasuring fuel temperatures and the other measuring ullage temperatures.
Figure 2 shows the test setup.
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The standard test sequence consisted of placing approximately six
gallons of test fluid in the test article which corresponded to a liquid
level of three inches. Since high shear rates, assoclated with pumping action
could possibly alter the anti-mist addicives, the fuel was poured through
the exit area and then the tarnk was sealed. As soon as the range was
cleared, the test was conducted. The threat for these tests consisted of a
50 calibre Armor Piercing Incendiary (APl), type M-8, fired at a velocity
of approximately 2400 ft/sec. This velocity in conjunction with the 0.089
inch 2024-T3 entrance plate and 30° obliquity assured maximum incendiary
burning within the ullage of the test article. The total :cravel of the
projectile through the liquid was four Iinches. This test setup resulted
in approximately 95% ignition of th=2 various fuels during the test program.
RESULTS:

The cesting wae designed to provide for at least fifteen tests at any
one set of conditions. A high number of tests was chosen so that statistical
analysis could be conducted on the results. FPast gunfire tests have demon=-
strated that there is a certain amcunt of uncertainty associated with
projectile/tank interactions, hence it is not possible to rely on a few
tests.

The baseline was established with the neat JP-8 fucl. A total of
fifteen tects was conducted and there ware reactions in thirteen tests;
the average pulse pressure rise, created by the explosion of the
fuel vapors, was 38.0 psi. This data was in agreement with past gunfire
tests with JP-8. In contrast the average pressure rise encountered with
JP-4 was 54.8 psi.

The objective of the anti-mist additives was to defeat the normal
fine spray of fuel associated with projectile penetration in a liquid to
vapor mode. Based on the results from the four different additives, this
appears to be a feasible method for protection of the ullage of JP-8 fuel
systems. The data from these gunfire tests are shown in Table 1. Two
materials, Conoco AM-1 and ICI -4, each at a concentration of 0.3% by
weight, were effective in controlling the internal reactions. Although
the percentage of ignition was about the same as that of the neat JP-§&,
the average preessure rise was less than 10 psi. COut of the thirty-two
tests, with these two additives, there were only five rests where the
pressure rise was greater than 10 psi. The belief of AFAFL is that if the
reaction severity can be limited te a pulse pressure rise less than 10 psi,
then the damage to most fuel tanks would not be catastrophic.

The data pertaining to the XD 8132 also indicates a reduction in the
quantity of fuel reacting with the incendiary, but the reduction is not as
significant as that obtained with either AM-1 or FM-4. A greater number of
tests resulted in pressure rises greater than 10 psi and the average was
in excess of the desired level of 10 psi. The performance of the ESS0 A in
JP-8 was not appreciably different than the neat JP-8. Since there was
a question pertaining to the solubility of the additive In the fuel, it is
difficult to determine whether the performance is truly indicative of
that anticipated with this material.
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For comparison purposes, a series of tests was conducted with JP-4
which resulted in average overpressures in the order of 55 psi. Sufficient
FM-4 concentrate was available to permic blending of an anti-mist fuel
with a JP-4 base. Since at the test temperatures the vapor phase of JP-4
would be in the flammable zone, we did not expect the presence of the anti-
mist additive teo aiter the probability of a fire. In fact, it appeared that
the overpressures with the additive were greater. Average pressure rise was
67.5 psi vs 54.8 psi for the neat fuel. Since all the tests were conducted
at fuel temperatures of 50 to 70°F, neat JP-4 cou’ld be driven towards an
over-rich condition while the additive/JP-4 was maintained in the flammable
zone.

STATISTICAL ANALYSIS:

Statistical methods were used in the comparison of the various fuel
types to assess the question, "If a difference between the respinse variables
(overpressure) for two fuels is noted, is the difference small enough that
it could have occurred by chance, or is it so large that it most probably
is a true measure of the difference between the two fuels?" The fellowing
statistical expressions were used in this analysis (the reader may refer to
the many textbooks on the subject for details). '

The sample mean

where x XpeeoX denotes the responses of the random variable x, and n is

1* 72
the size of the sample, provides an unbiased and minimum variance estimate
on the population mean i, which is unknown.

The sample variance

- g
s? = Z (xi—i)‘J (n-1)
{=1

© 2
provides an unbiased estimate of the population variance o . Moreover, if
2 2
512 and 524 are two independent estimates of the same unknown ¢, based on

nl and n2 samples, respectively, then

(the ratio selected in such a way that the larger 52 {s in the numerator).

This yields an ¥ with ny -1 and ns ~1 degrees of freedom for the numerator

and denominator, respectively, assuming S > 592, which could be compared with
F distribution values for homogeneity of variance.
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The T test which was used to test for the significant difference of
means was based on the assumption that there was "homogeneity of variance."
Thus, the F ratio was used as a measure to check the validity of this under-
lying assumption. Values of the F ratio near one are desired. Once such an
assumption is established as valid, then any difference in the data is solely
due to the difference in means. In a large number of cases in Table IL. the
F ratio was not significant, which ensured homogeneity of variances. Hence,
we made a general assumption of "homogeneity of variance," which enabled
us to use the T test for the difference in means.

The criterion for comparing the means was the Student T test.

- - 1/2
T = ixl = xzt . nl l"l2 \
((nlil) 012 + (n.-1) o 2) 1/2 nl+n2/
Z 2
nl + n2 -2

A T value was chosen to test the results. If the calculated T is less
than Tc,cthere 1s probably no significant difference between the means. If
the calculated T is larger than T , the two means are not necessarily
different, but it provides a strong argument in favor of a difference.

A T wvalue associated with the 95 percentile point was used in the
comparison. This is equivalent to a 10% error for the 'two-tail’ problem
of interest; that is, if 100 sets of response variables are to be compared,
at least 90 sets would verify the conclusien and no more than 10 sets would
not. Values of T, are given in most statistical reference books as a function
of degree of freedom (DF = nj; + n, - 2) where, for example, nj is the number
of tests with JP-4, ond np the number with JP-8.

The results of the statistical analysis for the various fuel combinations
are given in Table II. 1t should be noted that the mean overpressures of
Table II were based on all tests whereas the average overpressure of Table I
was based on only those tests involving a fuel reaction. The reason being
that the probability of ignition could be a function of fuel type and
since the incendiary projectile functioned for al. tests, it was desirable
from a reduction in aircraft vulnerability standpoint to include all the test
results in the statistical analysis.

The results show that all fuel types (JP-8, JP-8/ESS0-A, JP-8/FM-i,
JP-8/AM-1, JP-8/XD-8132) had statistically significant lower overpressures
than did JP-4, at least to the 90% confidence level. Using the "best"
additive (FM-4) in JP-4 did not show a significant difference when compared
to neat JP-4. With the exception of ESSC-A, all additives in JP-8 resulted
in significant lower overpressures than did neat JP-8. Finally, FM-4 and
AM-1 were the "best'" additives in JP-8 and no statistical difference between
these two additives was proven in the test program.
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ADDITIONAL TESTS:

Samples of the additive/fuel bliend were subjected to complete specifi-
cation (MIL-T-83133) analysis,and results of perr inent properties are
shown in Table III. The areas which resulted in "out of spec'" values can
be attributed to the composition of the additives. Since the materials
may be classified as high molecular weight polymers, the existent gum test,
consisting of evaporation of the fuel, would be expected to result in a high
value. In fact, the Army Fuels Laboratory has considered this test as a
means of measurement of additive concentratioa. In other test results, the
thermal stability, pressure drop and the smoke point tests indicate the
tendency for these materials to clog fine filters. This is a more serious
problem 2rea for it points out potential problems associated wlth ground
handling where filtration is a factor.

Table III

COMPARISON OF FUEL SPECIFICATION TEST

Test JP-8 AM-1 ESSO-A XD 8132 FM-4
Gravity °API 43.7 43.5 | 43%s 42.6 44.3
Freezing Point

°F Below -51 |-62 ~-65 =24 Below -51
Existent Gum

ng/100ml 0.4 201.4 163.0 254.4 155.6
Smoke Point 24.0 Crust Forms on Wick, Won't Burn
Flash Point, °F 112 114 112 114 115

In addition to the specification tests, the viscosity of the materials
was determined at three temperatures: 77°, 0°, and -30°F. High viscosity
values were obtained and several macerials appeared to be thixotropic at
-30°F. The results of these tests are shown in Table IV.

CONCLUSIONS:

1. The test program indicated that the anti-mist additives at a
concentration of 0.3% by weight in JP-8 fuel can be effective in the
control of fuel tank explosions resulting frem 50 calibre incendiary gunfire.

2. When used in JP-4 fuel, the anti-mist additive was not effective
in reducing the explosion hazard.
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VISCOSITY OF ANTI-MIST

Table IV

FUELS AT VARIOUS TEMPERATURES

Kinematic Viscosity, CS

SAMPLE TEMPERATURE
77°F 0°F -30°F
JP-8 1.74 4.53 8.07°
FM-4 1.78 4.59 8.17
XD 8132 6.66 24.19° a,c
ESSO-A 13.21 34.52 56.1%
AM-1 7.83 20.58% 3.4,
40.4 ’
Repeat of AM-1 (Sample 2) 44,.8
55.5 a,
58.2
Repeat of AM-1 (Sample 3) 42.2 a
46.5 ’

aPrecipitation observed

bSlight haze; ice crystals

c
Could not measure; thixotropic

dSample AM-1 appeared to be thixotropic at -30°F
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3. The characteristics of the anti-mist additives, that is, the high
molecular weight composition, creare several potential compatibility

problems associated with fine filters or orifice passages to be encountered
in A/C fuel systems.

4. Low temperature operation of the fuel/additives could be a problem
within the aircraft due to the apparent increase in viscosity.

RECOMMENDATIONS :

The Air Force interest in further development of the anti-mist fuel
additives is dependent upon the decision for conversion from JP-4 to JP-8
fuel. 1In view of the energy crisis and the general reduced availability of
hydrocarbon fuels, the conversion from JP-4 to JP-8 for Air Force operations
is not considered feasible, at least rot for the near-tern future. If the
change is undertaken, then it is recommended that additional studies be
directed towards the identification of the class or species of additives
which offers the most potential in terms of vulnerability reduction and
minimum impact on systenm performance. Future studies should concentrate on
the latter area and determine if, by minor variation of the structure of the
additives, the potentialproblem areas of low temperature operation, filter
clogging and shear stability can be eliminated.
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